Abstract Three Tertiary aquifers and one Mesozoic aquifer located in the two neighbouring Autonomous Communities of Madrid and Castilla-La Mancha (central Spain) were selected to study the environmental factors affecting groundwater pollution by nitrate. The majority of the territory was subject to a very high degree of human impact, with it being difficult to identify which potential sources of nitrogen were responsible for the observed cases of groundwater nitrate pollution. The objectives were: (1) to obtain a better understanding of nitrate distribution in the aquifers during a period of 25 years; (2) to determine the relative contribution of several environmental parameters (including land use) that are often used in groundwater vulnerability assessment using principal components analysis (PCA); (3) to make a critical review of the current criteria used for the designation of nitrate vulnerable zones (NVZs; Directive 91/676/EEC) in this territory; and (4) to discuss the concept of groundwater vulnerability to nitrate vs. groundwater nitrate pollution. Contour maps of nitrate contents in the four aquifers from 1985 to 2010 showed a persistent problem of nitrate pollution affecting wide areas of the Tertiary aquifers (subjected to a high risk of anthropogenic impact), whereas the Mesozoic aquifer remained unpolluted (protected by non-polluting land uses). The PCA demonstrated that the main risk of groundwater nitrate pollution stemmed from the interaction between intrinsic vulnerability (related to hydrogeological factors and soil media) and land use; and this, together with groundwater flow, allowed us to explain the possible sources of nitrogen at each sampling point. The current demarcations of NVZs in central Spain reveal a lack of coordination between administrations and poorly defined criteria. Our results show the need to redefine these NVZs by mapping vulnerability to nitrate pollution within this territory based on the environmental factors highlighted by the PCA.
Introduction
The restoration of polluted groundwaters and the conservation of aquifers as reservoirs and water sources constitute major environmental challenges. Within this context, nitrate is one of the most common inorganic pollutants affecting aquifers throughout the world (Groeneveld et al. 1998; Livingston and Cory 1998; Verstraete and Philips 1998) and nitrate concentrations are often high enough to constitute a risk (e.g. to human health and to the environment through eutrophication of aquatic ecosystems; European Environmental Agency 2005; Sutton et al. 2011) .
Nitrate pollution of water resources may originate from several different pathways, including point (such as wastewater effluents and intensive livestock farming) and diffuse (such as fertilizers, extensive livestock farming, atmospheric deposition, etc.) sources. However, up to now, nitrate pollution from agricultural diffuse sources has been considered the main cause of groundwater degradation in the European Union (EU) (Sutton et al. 2011) .
Within the EU, the reduction and prevention of water pollution caused by nitrate from agricultural sources was addressed by the Nitrates Directive (91/676/EEC; Council of the European Communities 1991). This directive establishes that both surface freshwaters and groundwater should be considered affected by nitrate pollution when they contain more than 50 mg L -1 of nitrate. The recommended limit for nitrate in drinking water and for the eutrophication of freshwaters is 25 mg L -1 (European Commission 2000). The Directive also defines nitrate vulnerable zones (NVZs) as areas that drain into waters affected by nitrate pollution. In these areas, farmers are required to comply with the measures laid out in action programmes designed to restore water quality.
However, major discrepancies have been observed in the way that NVZs are designated within the EU (European Commission 2010), partly because the Nitrates Directive does not provide explicit criteria for designating NVZs (De Clercq et al. 2001) . Recent research has shown that an inadequate designation of NVZs can give rise to unsatisfactory results in the reduction of the contamination of affected water bodies (Arauzo and Valladolid 2013; Arauzo et al. 2011; Worrall et al. 2009 ). It is therefore reasonable to assume that it is necessary to adopt specific criteria for the designation of these NVZs based on hydrogeological, hydrochemical and environmental factors, rather than on administrative (municipal, provincial, etc.) boundaries or other unscientific criteria.
Despite the difficulty of determining anthropogenic sources of nitrogen in the environment, it is necessary to identify potentially polluting land uses and to assess their impact on the affected groundwater. In the last decade, several authors have studied diffuse nitrate pollution using stable isotopes to detect the sources of nitrate found in groundwater (Choi et al. 2007 ; Moore et al. 2006; Strauch et al. 2008) . On the other hand, mapping of groundwater vulnerability has emerged as an interesting tool for identifying NVZs (Martínez-Bastida et al. 2010; Secunda et al. 1998; Stigter et al. 2006; Vias et al. 2005; Witkowski et al. 2007 ).
Groundwater vulnerability is generally defined as ''an intrinsic property (characteristics) of the groundwater (aquifer) system that depends on the sensitivity of that system to human and/or natural impacts'' or ''the intrinsic susceptibility of an aquifer to contamination'' (Witkowski et al. 2007 ). There are two types of groundwater vulnerability: intrinsic and specific. Intrinsic vulnerability is based on an assessment of natural climatic, geological and hydrogeological attributes, whereas specific vulnerability is mostly assessed in terms of the risk of the groundwater system becoming exposed to contaminant loading (Witkowski et al. 2007 ). There is a little doubt that the concept of aquifer vulnerability (and its practical manifestation in land surface mapping) is a valuable tool for groundwater quality protection (Foster 2007) . In fact, several vulnerability indexes have been developed in recent decades to assess the risk of groundwater pollution (Aller et al. 1987; Foster 1987; Foster et al. 2002; Martínez-Bastida et al. 2010; Secunda et al. 1998; Witkowski et al. 2007) . Of these, the DRASTIC index (Aller et al. 1987 ) is probably the method that has been most commonly used to evaluate intrinsic vulnerability at the international level (Auge 2004) . It uses seven media parameters (depth to the water table, net recharge, aquifer media, soil media, topography, the impact of the vadose zone and hydraulic conductivity) through an additive formulation. Martínez-Bastida et al. (2010) and Secunda et al. (1998) subsequently added a land use parameter for assessing the specific vulnerability of groundwater to nitrate pollution. Nevertheless, some authors have expressed doubts about the reliability of estimations of vulnerability based on these methods (Debernardi et al. 2012; Colman et al. 2005; Gogu et al. 2003; Rupert 2001; Stigter et al. 2006 ) because of discrepancies observed, in some cases, between vulnerability maps and nitrate pollution maps. Martínez-Bastida et al. (2010) have suggested that most of the vulnerability indexes developed to date could be over-influenced by lithological characteristics.
From the above, it seems clear that further field studies are needed to determine the relative importance and contribution of environmental factors to the vulnerability of groundwater to nitrate pollution. With this aim in mind, we selected three Tertiary aquifers and one Mesozoic aquifer located in the Tajo River basin and corresponding to two neighbouring administrative regions of Central Spain (the autonomous communities of Madrid and Castilla-La Mancha). Groundwater quality appeared to be chronically affected by nitrate pollution over an important part of this territory. A complex combination of urban pressure (from Madrid, the capital of Spain) and pressure from agricultural land make it particularly difficult to identify the sources of the nitrogen in the polluted areas of these aquifers. Bearing all of this in mind, the present study focussed its attention on three main objectives: (1) to obtain a better understanding of nitrate distribution in the four major aquifers of Central Spain (the Cretaceous Limestone Aquifer, Guadalajara Detrital Aquifer, Madrid-Talavera Detrital Aquifer and Moor Limestone Aquifer) over the period 1985-2010; (2) to determine the relative contribution of several environmental factors (including land use) that are often used in groundwater vulnerability assessment using PCA; (3) to make a critical review of the current criteria used to designate NVZs in this territory; and (4) to discuss the concept of groundwater vulnerability to nitrate vs. groundwater nitrate pollution. These objectives are all consistent with the goals of the European Nitrogen Assessment report (Sutton et al. 2011) , which highlights the need to review current scientific understanding of nitrogen sources, impacts and interactions across the EU with a view to developing future policies at both the local and global scales.
Study area
The study area includes three Tertiary aquifers (the Guadalajara Detrital Aquifer, the Madrid-Talavera Detrital Aquifer and the Moor Limestone Aquifer) and one Mesozoic aquifer (the Cretaceous Limestone Aquifer) belonging to the River Tajo basin (Central Spain, Fig. 1 ). These aquifers lie under the provinces of Madrid (Community of Madrid), Guadalajara and Toledo (Community of CastillaLa Mancha). Table 1 shows some of their main hydrogeological characteristics. The greatest human impact within this territory is associated with the city of Madrid and its large metropolitan area, and their high concentration of urban and industrial activities, and also with large areas dedicated to agricultural uses (Fig. 2) . This combination of land uses makes it particularly difficult to identify the sources of nitrogen affecting the water bodies polluted by nitrate.
The Guadalajara Detrital Aquifer corresponds to the provinces of Madrid and Guadalajara (Fig. 1) . This is an unconfined aquifer with a total area of 2,140 km 2 and an average thickness of 390 m. The aquifer is composed of detrital deposits from the Miocene age that have formed a silt-clay system of low permeability around small, permeable lenses of arkosic sand (IGME 1981) which have given it a heterogeneous and anisotropic character. Recharge is mainly associated with the infiltration of rainwater in the Tertiary interfluve area (Llamas and López Vera 1975) , while discharge occurs at the valley bottoms (southern end of the aquifer) to the Quaternary aquifers associated with the rivers Jarama and Henares (IGME 1981 (IGME , 2009b . Agriculture is the dominant land use and there is a large area of irrigated land along the alluvial section of the Henares River and a large surface destined to rainfed land above the rest of the aquifer (Fig. 2) . There is also a high level of urban and industrial development above the southern part of the aquifer (Fig. 2) . The section of the Guadalajara Detrital Aquifer corresponding to the administrative territory of the Community of Castilla-La Mancha was designated as a NVZ in 2003 (DOCM 2003; Fig. 1 ), but the section of the same aquifer corresponding to the Community of Madrid has not received this designation.
The Madrid-Talavera Detrital Aquifer is the largest aquifer in the study area ( Fig. 1) , with a surface of 6,081 km 2 and an average thickness of 1,500 m. It corresponds to the provinces of Toledo and Madrid and is connected to the Guadalajara Detrital Aquifer by a lateral facies change (IGME 1981) . It is formed by detrital sediments dating from the Miocene period that filled the Tajo trench. These sediments exhibit a complex structure and form a low-permeability silt-clay system which alternates with small, more permeable lenses of arkosic sand (IGME 1981) . Recharge occurs directly from rainfall infiltration, while diffuse recharge/discharge processes take place (under varying flow regimes) throughout the Quaternary aquifers associated with the rivers Tajo, Guadarrama and Alberche (IGME 2009b). The corresponding groundwater flow dynamics are complex, due to the presence of local, intermediate and regional flows (IGME 1993) . Mathematical models show water residence times of less than 5,000-10,000 years for groundwater flowing through the upper part of the aquifer (up to a depth of 500 m), but this may extend to 100 of 1,000 of years when the flow paths in question correspond to intermediate or regional flows (Llamas and Martínez-Alfaro 1981) . This aquifer contains most of the boreholes used to supply the Community of Madrid with drinking water during periods of drought. The city of Madrid and its metropolitan area, which stand above the northeast part of the aquifer, present a very high concentration of urban and industrial activity.
Agriculture is the dominant land use above the rest of the aquifer, with a major area given over to cereal crops and mosaics of mixed crops on irrigated and rainfed land. There is also a sizeable area of irrigated land along the Quaternary alluvial aquifer of the Tajo River, above the southern sector of the aquifer (Fig. 2) The Moor Limestone Aquifer is located in the eastern part of the study area, lying below parts of the provinces of Madrid and Guadalajara (Fig. 1) . It has an area of 3,075 km 2 and an average thickness of 145 m. It is formed from detrital limestone materials of river and lake origins, separated by an erosive discordance from the evaporite system (marl and gypsum facies) of the Tajo trench (IGME 1993) . There are numerous changes of facies throughout the system, with notable variations in levels of permeability and karstification. Due to fluvial erosion, the River Tajuña and its tributaries have divided this aquifer into four separate, narrower, subunits that constitute separate groundwater masses (IGME 1981). Recharge occurs directly from rainfall infiltration and discharge takes place through the numerous springs and Quaternary aquifers associated with the River Tajuña and its tributaries (IGME 1981 (IGME , 2009b .The Moor Limestone Aquifer is used to supply local demands (Alcolea and García Alvarado 2006) . Agriculture is the main land use in this area, with a predominance of rainfed land and mosaics of mixed crops in the southern sector. Along the Quaternary alluvial aquifer of the River Tajuña, there is a large area of irrigated land, while forests and semi-natural areas are the dominant land uses above the northern part of this area (Fig. 2) . The northern half of the aquifer, which is located in the administrative territory of the Community of Castilla-La The Cretaceous Limestone Aquifer is an unconfined aquifer with an area of 672 km 2 and an average thickness of 130 m. It corresponds to the provinces of Madrid and Guadalajara and is formed by compact limestone rocks with pores and cracks caused by the solvent water effect (IGME 1981) . This has produced channels of various sizes, caves and other karst structures. The natural recharge of the aquifer comes from the direct infiltration of precipitation falling in the area of the aquifer, runoff within the catchment area, lateral groundwater flow from surrounding systems, and the water draining from the bottom of local rivers and alluvial aquifers. Discharge is through springs and also through groundwater extraction for drinking water (Comunidad de Madrid 2001) . Forests, natural areas and semi-natural areas are the dominant land uses (Fig. 2) .
Despite our knowledge about the hydraulic connections between the aquifers that are the subject of this study and the Quaternary alluvial aquifers (IGME 1981; 2009b) , there is no available long-term information about the water quality of these alluvial aquifers or their possible influence on the quality of the former. A single study of nitrogen dynamics in the main river-alluvial aquifer systems of the Community de Madrid undertaken in 2005 (Arauzo et al. 2008) revealed high levels of N-pollution in the middle and lower sections of these rivers and alluvial aquifers (Fig. 3 ) that could potentially affect the quality of the underlying Tertiary aquifer. This study attributed N-pollution in rivers to discharges of treated wastewater from neighbouring urban areas (mainly from the city of Madrid and its metropolitan area; Fig. 2 ), whereas nitrate pollution in the alluvial aquifers was closely related to irrigated agriculture (which was mainly located on the alluvial deposits; Fig. 2 ). It was also found that nitrogen from both sources (urban and agricultural) was added when N-polluted river waters were used for irrigation; this particularly increased nitrate contents in the alluvial aquifers with return flows (N from urban areas ? N from fertilizers). For now, however, we have no information available about nitrogen contributions from polluted water draining into subjacent aquifers from the bottom of rivers and alluvial aquifers (and viceversa) in this area.
Methods
The long-term trends in nitrate concentrations affecting the Guadalajara Detrital Aquifer, the Madrid-Talavera Detrital Aquifer, the Moor Limestone Aquifer and the Cretaceous Limestone Aquifer were illustrated by creating contour maps of groundwater nitrate content for the years 1985, 1989, 1992, 1995, 1998, 2001, 2004, 2007 and 2010 . These maps were generated using the mean annual nitrate concentration obtained from seasonal hydrochemical data collected at 69 different sampling points (Groundwater Quality Sampling Network from Confederación Hidrográfica del Tajo). Figure 4 and inter-annual variability (in 9 different years: 1985, 1989, 1992, 1995, 1998, 200, 2004, 2007 and 2010) in groundwater nitrate content in the four aquifers. The Duncan test was also used as a post hoc test, with ANOVAs and Duncan tests being conducted using SPSS 17.0 for Windows (SPSS Inc., Chicago, Illinois).
A principal components analysis (PCA) was performed to achieve a better understanding of the environmental parameters (including land use) associated with the specific vulnerability of groundwater to nitrate pollution in the four major aquifers of central Spain. PCA is a multivariate procedure for reducing the dimensionality so that the dataset is easier to visualize. Each principal component (PC) represents a linear combination of the original parameters. The first PC accounts for as much variation in the data as possible. Each subsequent PC accounts for as much of the remaining variation as possible and is orthogonal to all of the previous principal components. This new orthogonal coordinate system optimally describes variance in a single dataset, which is essential for understanding the sources of variation in the data. The PCA was carried out with SPSS 17.0 for Windows. Six parameters were selected to describe potential risks (vulnerability) associated with: (1) the aquifer media (lithology); (2) the depth of the water table; (3) the impact of the vadose zone; (4) the soil media; (5) the topography (as a percentage of the slope); and (6) the land uses. These parameters were selected because they are commonly used in the DRASTIC index (Aller et al. 1987) , the NV-index (Martínez-Bastida et al. 2010 ) and/or the Composite-DRASTIC (Secunda Fig. 4 Location of the sampling stations corresponding to the four aquifers et al. 1998). Due to gaps in the data, net recharge and hydraulic conductivity were not included in the PCA. The ratings applied (Table 3) were calculated according to the criteria used by Aller et al. (1987) , Martínez-Bastida et al. (2010) and Secunda et al. (1998) (1988, 1991) , while the physical properties of the soils were collected from Monturiol and Alcalá (1990) , Instituto Provincial de Investigaciones y Estudios Toledanos (1984) and Guerra And Monturiol (1970) . To select the principal components to be used in the PCA, we numbered them in order of decreasing eigenvalues and plotted them as a function of their rank (extending the curve until it eventually flattened out). Land use (which was grouped in five classes) and groundwater nitrate content (grouped in three classes) were used as grouping variables in an attempt to help interpret the cases (sampling points) projected in the PCA. The different land use classes were selected according to the dominant land use within a 1 km radius of each sampling point: (1) non-polluting land uses (including forests and natural, semi-natural and uncultivated areas); (2) rainfed land; (3) irrigated land; (4) mixed crops (on rainfed and irrigated land) and (5) Groundwater flow directions in the four aquifers were obtained from IGME (2009a).
Results
The sequence of contour maps of groundwater nitrate content over the last 25 years (Fig. 5) showed a persistent problem of nitrate pollution over wide areas of the three Tertiary aquifers. In contrast, the Cretaceous Limestone Aquifer remained unpolluted, with nitrate concentrations below the recommended limit (Table 1 ). The most polluted areas corresponded to the southern and middle sections of the Madrid-Talavera Detrital Aquifer and the lower subunit of the Moor Limestone Aquifer. Other polluted sites appeared sporadically in the northern half of the Moor Limestone Aquifer, while nitrate concentrations in the rest of this aquifer were usually above the recommended limit. The Guadalajara Detrital Aquifer generally exhibited a low-to-moderate nitrate content, although small polluted areas were observed towards the southern end of the aquifer.
No significant differences in nitrate contents were observed over the study period (1985-2010) Secunda et al. (1998) Cretaceous Limestone Aquifer, the Madrid-Talavera Detrital Aquifer or the Moor Limestone Aquifer (Table 4) . Although nitrate concentrations in the Guadalajara Detrital Aquifer were significantly higher in 1998 and 2001 than in the previous period (Table 4) , no clear increasing or decreasing trends in nitrate concentrations were identified in the subsequent years. Even so, it should be noted that the power of the ANOVA to detect any changes varied greatly between units, largely because the variable-and sometimes small-number of samples in each unit. The first three principal components (PC) of the PCA explained 76 % of total variance (Fig. 6) . PC 1 (which explained 39 % of total variance) included information about the intrinsic vulnerability associated with hydrogeological factors (which negatively correlated with risks associated to the aquifer media, the vadose zone and the depth to the water table). PC 2 (which explained 19 % of total variance) collected information about intrinsic vulnerability related to soil media and topography (which positively correlated with associated risks to the physical soil properties and negatively correlated with associated risks to the slope). PC 3 (18 % of total variance) collected information about specific vulnerability related to land uses (which positively correlated).
in the
Projection of cases (sampling points) over PC 1 and PC 2 allowed us to organize the sampling points into four different groups (Fig. 7) . Groups 1 A and 2 A corresponded to points with a high intrinsic vulnerability associated with hydrogeological factors. The sampling points in these groups were associated with the Cretaceous Limestone Aquifer and Moor Limestone Aquifer, in which the high vulnerability was explained by their karstic nature and shallow water tables (IGME 1981) . In addition to its high hydrogeological vulnerability, Group 1 A also showed a risk related to the high soil permeability and the low slope (PC 2). However, no significant pollution was observed in this group ([NO 3 -] \ 50 mg L -1 ), which could be explained by the low risk associated with the land uses in question (natural areas and rainfed land; Figs. 2 and 7) . The nitrate contents in Group 2 A ranged from unpolluted
, showing a reasonable level of consistency between the degree of pollution at each point and the risk associated with its land use ( Fig. 2 and 7) . Group 3 A exhibited the lowest vulnerability from a hydrogeological point of view; the majority of its points belonged to the Madrid-Talavera Detrital Aquifer, which presented the lowest level of permeability and the greatest depth to the water table (IGME Fig. 5 Contour maps of groundwater nitrate concentration in the four aquifers corresponding to the years 1985, 1989, 1992, 1995, 1998, 2001, 2004, 2007 and 2010 . The main rivers and alluvial aquifers (dotted area) are also shown Environ Earth Sci (2015) Table 4 One-way ANOVAs to examine the effects of inter-annual variability (years: 1985, 1989, 1992, 1995, 1998, 2001, 2004, 2007 and 2010) points and four which were at risk of becoming polluted. Compared to Group 3 A , the greater extent of pollution in Group 4 A was consistent with its higher degree of intrinsic vulnerability (under similar land uses). Projection of cases over PC 1 and PC 3 (Fig. 7) provided a different view of the distribution of sampling points, highlighting the risks associated with the different land uses. Data were also organized into four groups. Group 1 B included points located in areas under non-polluting land uses (mainly forests and natural areas) which were free from nitrate pollution, notwithstanding their high-to-moderate vulnerability related to hydrogeological factors. Group 2 B included two polluted points (68 and 69; ([NO 3 -] [ 50 mg L -1 ) and numerous points subject to the risk of nitrate pollution (
) located in areas with a high vulnerability related to hydrogeological factors; all of these were located under agricultural land uses (irrigated land, rainfed land and mixed crops). Finally, Groups 3 B and 4 B were quite similar to Groups 3 A and 4 A , respectively; however, in Groups 3 B and 4 B , the points under non-polluting land uses (in natural and semi-natural areas) were sorted below the zero value of the PC3, while the points under irrigated land (with a high risk of N-leaching) were located above it. In Groups 3 B and 4 B (as well as in Groups 3 A and 4 A ) several notable discrepancies were observed at points 17 (Guadalajara Detrital Aquifer), 25 and 31 (Madrid-Talavera Detrital Aquifer), where nitrate contents were very high, despite their moderate intrinsic vulnerabilities and the moderate impact of land use (rainfed) at these sites. This could be extended to points 9 (Guadalajara Detrital Aquifer), 21, 24, 27, 28, 29, 32, 34 and 45 (Madrid-Talavera Detrital Aquifer), although these points showed a lower degree of pollution.
Discussion
The persistence of pollution and the lack of trends in groundwater nitrate content over the last 25 years in the three Tertiary aquifers ( Fig. 5; Table 4 ) raise the possibility of the affected areas having been polluted long before the study began. The lack of reliable data about nitrate travel times through the vadose zone makes it difficult to determine whether the current nitrate contents are related to current land use conditions. However, since polluting land uses (intensive agriculture and urban use) have progressively increased over most of the territory during the last 60 years, we are inclined to think that the processes involved in groundwater nitrate pollution are still operating in these aquifers today.
The most polluted areas of the three Tertiary aquifers (Fig. 5) were located in zones corresponding to either converging groundwater flow or stagnant waters ( Fig. 1;   IGME 2009a) . Furthermore, the polluted zones of the Moor Limestone Aquifer and the Guadalajara Detrital Aquifer were close to the natural discharge areas of these aquifers (IGME 2009b) and so there was an appreciable risk of polluted groundwater draining into the rivers Jarama, Henares and Tajuña and their associated Quaternary aquifers (IGME 1981 (IGME , 2009b . The polluted zones of the Madrid-Talavera Detrital Aquifer were also closely related to recharge-discharge areas (under varying flow regimes) along the rivers Tajo, Guadarrama and Alberche (IGME 2009b). As a result, the aquifer was able to either drain polluted groundwater into these river-alluvial aquifer systems or to receive water from them. Whatever the case, the water from these rivers and alluvial aquifers also exhibited high levels of nitrogen from mixed sources (both urban and agricultural) ( Fig. 3 ; Arauzo et al. 2008) .
Agricultural and urban uses constitute the two main sources of nitrogen in the study area (Hernández-García and Custodio 2004) . However, in territories that are subject to such a high degree of human impact, it is often difficult to distinguish which potential source has been responsible for any observed cases of pollution, many of which may even have a mixed origin (Arauzo et al. 2008) . This is an important point to highlight because until we are able to identify the sources of nitrogen, and also to delimit the areas that drain N-polluted waters (NVZs) into the affected groundwaters, it will be difficult to formulate any plans for corrective actions that are likely to be effective. On the other hand, to address the issue of groundwater vulnerability vs. groundwater pollution, it is first essential to understand that the areas through which a soluble pollutant (nitrate) enters the vadose zone (the NVZs) do not necessarily have to coincide with the affected areas of the receiving aquifers (Arauzo and Valladolid. 2013) . This explains why the discrepancies observed between the vulnerability and nitrate pollution maps (Debernardi et al. 2012; Colman et al. 2005; Gogu et al. 2003; Rupert 2001; Stigter et al. 2006 ) could be reasonably justified by advective transport in the saturated zone and by accumulation/dilution processes and/or transport by subsurface runoff in the vadose zone (Arauzo et al. 2011; Martínez-Bastida et al. 2010; Stigter et al. 2006) . In this respect, Foster (2007) pointed out that groundwater vulnerability assessment should preferably only depict spatial variations in the intrinsic ground characteristics that determine potential vertical contaminant pathways.
In recent years, a number of different groundwater vulnerability indexes have been developed (Aller et al. 1987; Foster 1987; Foster et al. 2002; Martínez-Bastida et al. 2010; Secunda et al. 1998; Witkowski et al. 2007) which are becoming increasingly important as support for the implementation of the Nitrates Directive. Even so, no general consensus exists as to which environmental factors are essential for groundwater vulnerability assessment (Witkowski et al. 2007) . Recharge, soil properties, lithology, thickness of the unsaturated zone, and depth to the water table all tend to be key attributes for both intrinsic and specific vulnerability (Witkowski et al. 2007) . Some authors also include aquifer hydraulic conductivity, the aquifer media, the travel time of the contaminant and/or the land use in groundwater vulnerability assessment procedures, whereas others do not. There are those who highlight the need to incorporate the effects of groundwater flow into explanations of the presence of nitrate polluted areas which that have no clear source of pollution located immediately above them (Garfías et al. 2002; Remesan and Panda 2008) ; this explains the recent tendency to incorporate flow models into intrinsic and specific vulnerability methods (Gogu et al. 2003; Debernardi et al. 2012) . However, despite the range of parameters that could potentially be used in the different groundwater vulnerability indexes, the main problem generally lies in the lack of sufficient reliable data for some of these parameters at the catchment and regional scales, which prevents accurate groundwater vulnerability assessment and mapping.
Nitrate pollution in the Moor Limestone Aquifer (at points 68 and 69) could be attributed to agricultural sources: on the one hand, from vertical N-leaching from mixed crops above those points (Group 2 B ; Fig. 7 ) and, on the other, from horizontal transport within the groundwater flow ( Fig. 1; IGME 2009a ). This seems to have been a consequence of poorly optimized irrigation and fertilization practices which typically produce a large amount of nitrate leaching (Cabrera et al. 1995; Sanchez-Pérez et al. 2003) . In spite of relatively recent changes in land uses in this area, from irrigated to rainfed land (MAPYA 2005) , no significant decreases in groundwater nitrate contents were observed during the study period. Furthermore, the low degree of groundwater rejuvenation in the southern subunit (stagnant zone) would tend to favour the persistence of pollution.
Nitrate pollution in the Guadalajara Detrital Aquifer (at points 15 and 17; Group 4 B ; Fig. 7) could be explained by a mixture of urban and agricultural sources. The polluted section of the aquifer is located under a densely populated territory in the peri-urban area of Madrid that still maintains considerable agricultural activity. Nitrate accumulation at the valley bottom (at the southern end of the aquifer) could also be taking place as a result of convergent groundwater flows ( Fig. 1; IGME 2009a) . In this area, the aquifer discharges into the Quaternary aquifers associated with the rivers Jarama and Henares (IGME 2009b), providing them with an additional N-input ( Fig. 3 ; Arauzo et al. 2008) . The amounts of nitrogen transferred from the Tertiary aquifer still remain to be determined.
Nitrate pollution in the Madrid-Talavera Detrital Aquifer (at points 25, 31, 33, 39, 42, 43 and 46 ; Groups 3 B and 4 B ; Fig. 7 ) could be primarily attributed to agricultural sources. However, we cannot rule out the possibility of horizontal displacements of pollutants throughout the saturated zone (plume effect), given the intermediate and regional flows described in this aquifer (IGME 1993; 2009a) . There could also be unquantified N-inputs from pollution plumes associated with discharges and/or leakage from the sewer networks that serve the city of Madrid and its metropolitan area (Fig. 2) and from polluted water leaking from the alluvial aquifers of the rivers Tajo (also polluted by nitrate; Arauzo et al. 2008 ; Fig. 3 ), Guadarrama and Alberche. Again, the impacts of these hypothetical contributions of nitrate still need to be studied.
The horizontal transport of nitrate within the saturated zone (plume effect) could be tangentially interpreted from the PCA. This is the case of the discrepancies observed at points 17 (Guadalajara Detrital Aquifer) and 25 and 31 (Madrid-Talavera Detrital Aquifer; Groups 3 B and 4 B ; Fig. 7 ), which were highly polluted by nitrate despite the moderate risks associated with their intrinsic vulnerabilities and land use (rainfed); similar discrepancies were observed at points 9 (Guadalajara Detrital Aquifer), 21, 24, 27, 28, 29, 32, , although these showed a lower degree of pollution. Such discrepancies could, hypothetically, be explained by the advective (and/or diffusive) transport of the pollutant within the saturated zone. In such cases, the pollution plumes could originate from large metropolitan areas (such as Madrid, the capital of Spain; Fig. 2 ) and/or from the polluted river-alluvial aquifer systems connected to the Tertiary aquifers.
In our opinion, methods for assessing groundwater vulnerability should tend to eliminate redundant parameters (Martínez-Bastida et al. 2010) , incorporate parameters with sufficient available data and include only those parameters that determine the vertical solute pathways (Foster 2007) . The results of the PCA (Fig. 6) showed three principal components that correlated with three different aspects of groundwater vulnerability (they were associated with hydrogeological factors, soil media-topography and land use). These three sets of variables were statically independent. As a result, each sampling point scored highly on one, two, three or none of the principal components, which made it easier to take decisions at each point. Any of the parameters representing these three aspects of the vulnerability could be used to build simple indexes for assessing and mapping NVZs. The maps thus generated should preferably be interpreted together with maps of groundwater flow and groundwater nitrate content.
On the other hand, current demarcations of NVZs in central Spain (Fig. 1) show a lack of coordination between Environ Earth Sci (2015) 73:8271-8286 8283 different public administrations (the Communities of Madrid and Castilla-La Mancha) when making designations. The criteria followed seem to be related to the polluted areas of the aquifers (Fig. 4) rather than to the territories draining into them. While the Community of Castilla-La Mancha had a tendency to contain large areas designated as NVZ that of Madrid tended to display the opposite. This study allowed us to interpret both the intrinsic and specific vulnerability (to nitrate) of groundwater, as well as identifying the possible sources of nitrogen at each sampling point. Our results also suggest the need to redefine these NVZs by mapping this territory's vulnerability to nitrate pollution in line with the environmental factors highlighted by the PCA. It should therefore be possible to draw up action programmes (based on a code of good agricultural practices; Directive 91/676/EEC) for specific areas that drain into groundwaters affected in the Moor Limestone Aquifer because agriculture is the main source of nitrate in this territory. However, in areas in which there is a high human impact (such as the MadridTalavera Detrital Aquifer and the southern end of the Guadalajara Detrital Aquifer) with the influence of a mixture of agricultural and urban land uses, the application of a code of good agricultural practices should also be accompanied by improvements in the treatment of wastewaters and by action to prevent and/or eliminate leakage from the sewer networks of the metropolitan areas.
Conclusions
Contour maps of groundwater nitrate content showed that a persistent problem of nitrate pollution has affected large areas of the Moor Limestone Aquifer, the Madrid-Talavera Detrital Aquifer and the Guadalajara Detrital Aquifer. Pollution in the first two of these aquifers is attributable to a mixture of urban and agricultural sources of nitrogen. The amount of nitrate originating from pollution plumes related to discharges and/or leakages from the sewer networks that serve the main cities (and their metropolitan areas) and/or from water leaking from polluted local alluvial aquifers still remains to be determined. The pollution observed in the Moor Limestone Aquifer was mainly related to agricultural uses, whereas the Cretaceous Limestone Aquifer remained unpolluted (probably because it was protected by non-polluting land uses). The PCA showed that the main risks of nitrate pollution in the four major aquifers of central Spain could be explained by the interaction between intrinsic vulnerability (related primarily to hydrogeological factors and, to a lesser extent, to soil media) and land use. It also provided valuable information on the potential risks of N-leaching (vertical transport within the vadose zone) associated with these factors, constituting a good first approach for identifying NVZs. Other aspects, such as the horizontal transport of nitrate within the saturated zone (plume effect) could be tangentially interpreted from the PCA.
The current demarcations of NVZs in the three polluted Tertiary aquifers showed a lack of coordination between different public administrations and poorly defined criteria. Our findings showed the need to redefine these NVZs by mapping this territory's vulnerability to nitrate pollution in line with the environmental factors highlighted by the PCA.
